induce conformational changes in β-amyloidal peptide Aβ (1-40) from an α-helix to a β-pleated sheet. 7 Hence, understanding the nature of Al-amino acid interactions would help not only elucidating Al-protein interactions, but also providing a better insight in understanding the toxicity problems of Al.
L-Glutamate can be produced from α-ketoglutarate via a transamination reaction catalyzed by glutamate dehydrogenase or through other pathways. This reaction occurs in all life forms. More recently, it has been demonstrated that, among the enzymes that participate in and link to the mitochondria tricarboxylic acid cycle, Al activates α-ketoglutarate dehydrogenase and succinate dehydrogenase. Meanwhile, aconitase and glutamate dehydrogenase (GDH) exhibit decreased activity in the presence of this metal ion. 8, 9 Especially in the transamination process, the inhibition by Al may influence other fundamental process, which can influence the amino acid synthesis, and contribute to Al toxicity in higher plants. 10 The inhibitory effect of Al ion can decrease the GDH activity. A possible explanation is that Al may react with the two substrates α-ketoglutarate and glutamate. However, it is unclear how Al induces a conformational change where Glu or NAD + has an effective affinity toward the enzyme. The Michaelis-Menten equation shows that the inhibition of Al with glutamate dehydrogenase activity is of the competitive type, 8 which suggests that it may bind to the same active site. In a previous report, 11 the adenine domain of the NAD + binding site was identified as being Gly 274 -Glu 275 . In another report 12 the residues Glu 179 -Asn 197 were said to be within the ADP binding domain of the brain GDH isoproteins. It is thus possible that if Al has a high negative charge affinity toward the GDH enzyme Glu, coenzyme and substrate Glu, it will affect the GDH-Glu-NAD + interactions and may induce a conformational change, which would influence the transamination process in a biological system. Accordingly, it would be very interesting to investigate an Al complex with the important biomolecules Glu and Asp in order to help to intrinsically understand Al's role in Alzheimer's disease on a molecular basis as well as the influence mechanism in transamination system, which is a very important process in all living things. In the past, there were only some pH-metric studies on Al with Glu; the stability constants, monodentate and bidentate species of Al-Glu, were presented in acidic aqueous solutions. 13 However, for the Asp which contains two carboxylates and a central amino donor, tridentate coordination with Al is strongly suggested. 1 Meanwhile, Kiss still mentioned that even the corresponding binding mode of Al-Glu complexes, the -NH2 involvement via the formation of the microform with a five-+seven-numbered joint chelate, could be also assumed. 13 Therefore, it needs to be further proved. In this work, we utilized potentiometric titration, especially the Al-Glu multinuclear (   1   H,  13 C and   27 Al) NMR spectra, to confirm the interactions of Al with Glu in acidic aqueous solutions in order to elucidate the complex formation process of complexes, and with the help of the Al-Asp 1 H, 13 C-NMR spectra to verify the tridentate binding mode of the Al-Glu species.
Experimental

Chemicals and reagents
L-(+)-Glutamic acid (Glu: H2L) and L-(+)-aspartic acid were purchased from Sigma Chemical Co. (>99.0%). All Glu solutions were prepared fresh daily with double-distilled water. Al 3+ solutions were prepared by dissolving high-purity metallic Al powder (>99.99%) in hydrochloric acid. More dilute solutions were prepared by diluting this solution with doubledistilled water. D2O, DCl and NaOD were used as received form Beijing Chemical Company (>99.5%). Most chemicals were of analytical-reagent grade. Multinuclear ( 1 H, 13 C and 27 Al)-NMR measurements were prepared by dissolving appropriate amounts of Glu/Asp and AlCl3·6H2O in D2O, and the pH values were carefully adjusted by adding of NaOD or DCl solution. The necessary polyethylene vessels were used. All glassware was soaked in 10% HNO3 for at least 24 h, then carefully washed with double-distilled water. The pH values in D2O solutions were corrected for the deuterium isotope effect by adding 0.45 to the meter reading. 9 
pH-metric measurements
The stability constants of the proton and Al complexes of the ligand (Glu) were determined by pH-metric titrations of 50.0 mL samples. The concentration of the ligand was 0.001 M, and the metal ion-to-ligand ratios were 0:1, 1:1/2, 1:1, 1:2 for the binary system, respectively. The titrations were performed over the pH range 3.71 -10.85 for Glu and the pH range 2.31 -5.21 for Al-Glu (beyond pH ∼5.3 precipitation occurred in the 1:1 binary system), with a KOH solution of known concentration (ca. 0.1 M) under a pure nitrogen atmosphere. A temperature of 25.0 ± 0.1˚C was maintained by circulating thermostated water through the jacket. Duplicate titrations were carried out and the reproducibility of the titration curves was within 0.01-pH unit throughout the whole pH range. Because of the rather sluggish ligand-exchange kinetics of Al and the precipitation reactions when equilibration could not be reached within 10 min, the corresponding titration points were omitted from the calculations. 13 Complexes were added in the model one at a time until the value of the lowest σfit was achieved (usually less than 0.02). The pH was measured with a 77785 Titrator Radiometer (Denmark) with a pair of electrodes (glass electrode and calomel electrode), which were at first calibrated for the hydrogen-ion concentration according Irving et al. 14 The stability constants of the main metal species were calculated with the aid of the computer program SPE & BEST. 15 The pKw value used was 13.76. The formation of hydroxo complexes of Al(III) was taken into account in the calculations, 16 which are given in Table 1 .
NMR measurements
The 27 Al NMR spectra were collected at 130.3 MHz on a Bruker DRX500 spectrometer (Swiss). The chemical shifts were referenced to an external coaxial insert containing 0.1 M Al(H2O)6 3+ (0 ppm) included with every sample for 27 Al NMR experiments. The 1 H, 13 C NMR spectra were collected on a Bruker AVANCE300 spectrometer at 300.1 MHz, 75.5 MHz, respectively, and 5000 -10000 scans were accumulated for the 13 C-NMR spectra. The chemical shifts were referenced to D2O (4.70 ppm) or TMS (0 ppm) for 1 H, 13 C-NMR experiments. The NMR experiments for Al with Glu were conducted from pH 3.0 -4.2, which were carefully adjusted by the addition of DCl or NaOD solution; above pH 4.2 precipitation occurred in these concentration solutions. Meanwhile, 1 H, 13 C-NMR experiments for Asp and Al-Asp were performed at pH 4.5; above this pH value precipitation occurred in these concentration solutions. All NMR measurements were carried out at ambient temperature (23˚C) after allowing the sample solutions to stand for more than 48 h.
Results and Discussion
pH-metric studies
To assess the binding abilities of Al with L-glutamate in aqueous solution, pH-metric studies were performed in an acidic aqueous solution. L-Glutamic acid, in its fully protonated form, is designated as H2L. The carboxyl groups can be deprotonated twice and the -NH3 + is deprotonated in a high pH aqueous solution. 1, 13 Five titrations were repeated for each sample solution of Glu in the range of pH 3. the range of titration was limited from 2.31 to 5.21 because precipitation occurred above pH 5.3, probably due to the low solubility of the metal complexes, or metastable Al-hydroxo species in the solution. The deviation of the titration curve of Al-Glu from that of Glu is, however, enough to determine the complexes formed in the pH range of titration. Figure 1 shows an example of the titration curves of the pH versus the volume of titrant for ligand-to-metal (L/Al) ratios of 1:0, 1/2:1, 1:1 and 2:1. To simulate the titration curve, 46 -56 data points of each titration were used. The results of potentiometric data concerning the complexation equilibriums between Glu and Al are shown in Table 1 . Also, Fig. 2 shows the distribution diagrams from pH 2.0 to pH 5.5 of Al and L-glutamate at a concentration of 0.01 M in the case of the Al:L = 1:1 system. At pH < 3.0, except for Al 3+ , the 1:1 species of AlLH 2+ is predominant in an acidic solution. This species is an Al complex with Glu at the -COO -moiety, while the other side -COO -is in an intramolecular salt with -NH3 + and the electrostatic effect to the Al 3+ ion. With an increase in the pH from 3.0 to 4.0, the two mononuclear 1:1 AlL + and AlLH-1 and dinuclear 2:1 Al2L 4+ are the main species in this pH region; and it can be seen in Fig. 2 that the mononuclear species AlL + is formed in parallel with a dinuclear complex, Al2L 4+ . The 1:1 species AlL + become predominant at about pH = 4.3. Above pH 4.8, the neutral complex AlLH-1 is the main species, and the hydroxo complex Al13 is increased, but only a little. However, the 1:3 complex AlL3 3-is neglected due to the small Al 3+ metal ion; the ligand ionic sphere causes a steric inhibition. 13 The computer calculation program also rejected it. Other species, such as all 1:2 complexes, were rejected by the computer program, which also agreed with the early reports. 1, 13 According to studies of pH-metric titration, as a "hard acid", Al can effectively coordinate with the carboxylate group of L-glutamic acid in aqueous solution owing to its high affinity of Al toward oxygen. The 1:1 chelating complexes are the major forms in acidic aqueous solutions.
Multi-NMR studies
To confirm the complex formation process in the Al-Glu systems, extensive 1 H, 13 they are the main species in this pH value according to the species distribution curve (Fig. 2) . With increasing the solution pH to 4.2, the Al complexation resulted in all hydrogen resonances being shifted downfield, which are the H-b (3.63 ppm to 3.69 ppm), H-c (2.00 ppm to 2.05 ppm) and H-d (2.27 ppm to 2.30 ppm), respectively. Also, three detectable downfield shoulder peaks (b′, c′ and d′) appeared in the spectra (Figs. 3C and D) . The obvious downfield shifted signals of resonances H-b and H-d in the Al-Glu spectrum indicate that Al coordination occurred in the two Glu carboxylate moieties because of the deshielding effect of the Al 3+ ion. The downfield-shifted H-c and broadened shoulder peak of H-c′ indicated that the amino group of Glu deprotonated and was readily coordinated with Al. Moreover, the shoulder peak H-b′ implied that Al might coordinate Glu with the deprotonated amino group under this condition, because the deprotonation and complexation of the -NH3 + group affects the H-b and H-c signals. According to a pH-metric study, the complex AlL + is the predominant species of Al-Glu at pH 4.2 (Fig. 2) . The more obvious changes in the Al-Glu hydrogen signals at this pH value can contribute to the possible tridentate binding in the AlL + species (Scheme 1). In order to further confirm this proposal, we measured the 1 H-NMR spectra of a similar structure amino acid, Asp, and its complex Al-Asp at the same concentration in pH 4.5 solutions, which have proved the AlL + species of Al-Asp in the tridentate binding mode (-COO -, -NH2, -COO -) in this pH region. 1, 13 On a comparison of the Asp spectrum (Fig. 3E) , the H-b and H-c resonances of Al-Asp shifted downfield, which are H-b (3.79 ppm to 3.86 ppm) and H-c (2.67 ppm to 2.79 ppm); two downfield-shifted shoulder peaks of H-b′ and H-c′ existed in the complexes spectrum (Fig. 3F) . These similar and more obvious spectra changes not only further certified that Al could rather strongly complex with Asp in the tridentate binding mode (-COO -, -NH2, -COO -) in this pH region, but could also help to substantiate the complexation of Al-Glu in this binding mode. Therefore, the formation species AlL + of Al-Glu is suggested that Al coordinate with the amino group through the binding mode: (-COO -, -NH2, -COO -), which can exhibit an enhanced stability of Al-Glu. However, there are apparently shifted signals in the complex Al-Glu spectrum at the same pH value (Fig. 4B) . The most obvious upfield shifted and divided signals were observed for two carboxylate groups of Al-Glu: C-a (177.12 ppm), C-a′ (176.69 ppm) and C-e (173.52 ppm), C-e′ (173.12 ppm). This confirmed that the two carboxylate groups of L-glutamate coordinated with the Al 3+ ion in this case. In addition, the resonance of the C-b (δ = 53.67 ppm), which is connected with the -COO -and -NH3 + groups, shifted a little upfield. (Figs. 4C and D) . These apparent spectra changes implied that the two carboxylate and one deprotonated amino groups of Glu coordinated with Al in this pH region, which agrees with the above 1 H-NMR and the following 27 Al-NMR results. Meanwhile, the spectra of Asp and Al-Asp were also recorded in pH 4.5 solutions in order to support the Al-Glu spectra assignments. It showed the same resonance shifted tendency as the Al-Glu spectra. Two carboxylic group resonances of C-a (177.40 ppm to 176.90 ppm) and C-d (174.26 ppm to 174.10 ppm) shifted upfield due to Al complexation. Meantime, the C-b (51.95 ppm to 51.63 ppm) and C-c (36.43 ppm to 36.15 ppm) resonances broadened and also shifted upfield (Figs. 4E and F) . Since it has been proved that the two carboxylic and one ammonium groups of Asp are deprotonated and coordinated with Al at pH ∼4.5, 13 the same apparent changes in the carbon resonances of the Al-Glu spectrum should be ascribed to a reasonable binding mode: the tridentate five-+seven-membered joint chelate (-COO -, -NH2, -COO -) exists in these pH regions. Also, only the monodentate or bidentate binding mode which existed in the Al-Glu complexes cannot explain the above experimental phenomena.
The 27 Al-NMR technique is proved to be very beneficial in the speciation and structural characterization of the Al complex system. It is useful for clarifying the complex formation in the acidic pH range, and also indicates the complexity of the binding modes due to the isometric equilibria. 17 The 27 Al-NMR spectra of Al-Glu (0.01 M Glu, Al:Glu = 1:1) as a function of the pH are shown in Fig. 5 . In a pH 3.0 Al-Glu solution, there was only one peak for the inserted aqua complex, Al(H2O)6 3+ , around 0 ppm in the Al-Glu spectra (Fig. 5A ). However, with increasing the pH to 3.5, two peaks appeared in the spectra (Fig.  5B) ; one small and broadened peak at δ = 4.6 ppm may correspond to the AlL + or Al2L 4+ species in accordance with the species distribution curve in Fig. 2 , the other is the insertion of Al 3+ at 0 ppm. With increasing the pH to 4.0 (Fig. 5C ), the observed high and broadened peak at 4.6 ppm is indicative of the AlL + species in which Al tridentate chelated with Glu through the two carboxylate and one amine groups in aqueous solution. The reasons for the assignment are: (1) According to the above-mentioned potentiometric study as shown in Fig. 2 , the 1:1 species AlL + is the predominant complexes at this pH value. (2) From previous 1 H, 13 C-NMR studies, the two carboxylic and one ammonium groups of Glu are deprotonated in the presence of Al at pH ≥ 4.0, which readily complex with Al 3+ . (3) The resonance at δ = 4.6 ppm for a similar sevenmembered ring (-COO -, -COO -) coordination of the Al-H2succ system can also help to confirm this assignment. 13 Like Asp, Glu cannot form monodentate COO -coordinated species, [AlLH2] 3+ , because of the electrostatic repulsive effect of the protonated NH3 + group. 13 species, which should be ascribed to either the ionization of a water molecule in the coordination sphere of Al(III) or to deprotonation and coordination of the amino group. This is also the same reason for the formation of the [AlLH-1] species (Scheme 1). Even though the affinity of Al(III) for N-donors is very low, it is not easy for the -NH2 group of Glu to be involved in the Al(III) binding; thus, Glu rather acts as a bidentate ligand, displaying similarity with a simple carboxylate group. 1 However, with an increase of the solution pH, the amino group is adjacent on both sides for strong Al 3+ binder carboxylate functions; the metal ioninduced deprotonation of the -NH3 + group and coordination of the amino group may be more likely similar to alcoholic OH and amide NH groups which exhibit an enhanced metal-binding ability when they are of a central position within the molecule. 13 For a number of potential donors in the aminopoly-caboxylates and phosphorylated amino acids, such as iminiodiacetic acid (IDA), nitrilotriacetic acid (NTA) and Ser (P), in the event of a favorable steric arrangement, the amino group can also participate in binding to Al(III). 1, 23 Especially, it is interesting to observe that Ser (P) binds with Al(III) in the tridentate mode through five-+seven-chelation donors (-OPO3 2-, -NH2, -COO -) in acidic aqueous solutions. 23 Therefore, in the corresponding binding mode of Al-Glu complexes, -NH2 involvement via the formation of a microform with a five-+seven-numbered joint chelate (-COO -, -NH2, -COO -) in acidic aqueous solution can also be assumed.
Conclusions
In summary, although the effects of Al in biological systems have been extensively described, direct information concerning the molecular basis of its effects on enzyme systems and cell culture is rather scant. 1, [18] [19] [20] [21] According to our pH-potentiometric and multinuclear ( 1 H, 13 C and 27 Al) NMR measurements, the following results can be proposed: (1) Al 3+ and L-glutamic acid undergo a relatively weak coordination in acidic aqueous solutions, due to the fact that the α-carboxylate group of amino acids is weakly basic (pK ∼2.0) and there is an electrostatic repulsive effect of the -NH3 + group and the Al 3+ ion. The two carboxylate groups and one deprotonated amino group of Lglutamate are proposed binding sites for Al, and are thought to form the mononuclear 1:1 (AlLH 2+ , AlL + and AlLH-1) species and dinuclear 2:1 (Al2L 4+ ) species in acidic aqueous solutions. This idea somewhat agrees with previous reports. 1, 13 (2) Besides the monodentate and bidentate binding modes that were proposed in early reports, 1,13 the tridentate binding mode of the likely five-+seven-membered joint chelate also existed in acidic aqueous solutions, which were confirmed by multinuclear NMR measurements and the similarity of the Al-Asp 1 H and 13 C-NMR spectra. (3) Even with our results obtained from acidic aqueous solutions, the mixed hydroxo complexes of Al-Glu with OHgroups, e.g. AlLH-2 -, may exist in high pH regions. 13 It is proposed that the 1:1 species can be ascribed to only one reasonable tridentate binding mode (-COO -, -NH2, -COO -) with two OH -groups around Al(III) under the physiological condition, because the Glu ammonium group is easily deprotonated in this condition, and mixed hydroxo complexes of Al(III) with three OH -groups have never been found with any ligand. 13 (4) These tridentate binding species exhibit an enhanced stability of Al-Glu, which can help to better understand biological studies that show that Al-Glu could cross the erythrocyte membrane and the blood-brain barrier (BBB), and be deposited selectively in various brain regions, particularly in the cortex, and also help to intrinsically understand role of Al in the biological transamination system. (5) Nature prefers L-amino acids rather than D-forms for the construction of proteins. However, many studies have shown a mild accumulation of D-glutamate and D-asparate as an aging phenomenon, and that significantly higher levels in Alzheimer's disease affect brain regions and cerebrospinal fluid. 22 This demonstrated that Al-complexes could favor the racemization from L-to D-amino acids in the hippocampal region of aged rabbit brain. The possible catalytic role of Al in this racemization is due to the chelation of amino acids by the positively charged metal ion, which stabilizes the intermediate carbanion formed by a loss of the α-hydrogen. 22 In this case, the formation of tridentate Al-Glu and Al-Asp complexes can help to explain the above possible mechanism that Al increasing racemization rates from L-amino acid to D-amino acid, which is also very important in the food chemistry.
